To support the rapid growth of demand in passengers and freight, separating trucks and passenger-cars is a potential solution to improve traffic efficiency and safety. The primary purpose of this paper is to comprehensively assess the multilane separate freeway at Huludao Toll Station in Liaoning Province, China. Based on the configuration and segmentation of the freeway near a toll station, a six-step guidance strategy is designed to adapt to the separate organization mode. Five conventional traffic scenarios are designed in the Vissim platform for comparative analysis between different guidance strategies. To investigate the vehicle-to-infrastructure (V2I) environment, a microscopic testbed is established with cooperative car-following and lane-changing models using the MATLAB platform. The numerical simulation results show that the guidance strategy significantly improves efficiency and safety, and also reduces emissions and fuel consumption. Meanwhile, pre-guidance before toll channels outperforms the scenario only applied with guidance measures after toll plaza. Compared to conventional conditions, the assessment of pollutant emissions and fuel consumption also embodies the superiority of the other five scenarios, especially in the sections of toll plaza and channels with the lowest efficiency and safety level. Generally, all indexes indicate that the cooperative V2I technology is the best alternative for multilane separate freeways.
Introduction
Traffic congestion, safety, pollutant emissions, and fuel consumption have become increasingly severe issues all over the world [1, 2] . From the perspective of components in the transport system, trucks play an important role in the abovementioned serious problems that need to be solved urgently [3, 4] . Although trucks only account for approximately 4% of all the traffic accidents and 12% of all traffic fatalities based on the Federal Railway Administration (FRA) database, truck-related accidents lead to many more deaths, injuries, and much more property loss than other vehicles [5, 6] . Besides, trucks consume considerable amounts of energy and are the biggest source of air pollutant emissions every year [7, 8] . Fortunately, growing attention has been paid to these problems through the application recommended TOLs instead of compulsory lanes for different vehicles. Secondly, guidance strategy at toll station areas is ignored, especially for multilane separate freeways. Thirdly, the cooperative V2I technology needs further exploration at toll station areas of multilane separate freeways. To fill the gaps, this study proposes a general configuration and segmentation of multilane separate freeways near a toll station. Next, a six-step guidance strategy is designed to adapt to the new organization mode. Then, six traffic scenarios are set and modeled in Vissim and MATLAB platforms for comparative analysis at Huludao Toll Station in Liaoning Province, China. Finally, features of each scenario is summarized based on the comprehensive assessment including speed, delay, surrogate safety measures, air emission, and fuel consumption.
Methods

Segmentation of Toll Station Area
Different from existing conventional ways, the brand-new configuration and segmentation of multilane separate freeways near a toll station are illustrated in Figure 1 . According to the road alignment structure and traffic flow characteristics, the sensitive transition area is divided into five sections along the travel direction, including a mixed section with heterogeneous traffic flow, toll plaza, toll channels, weaving area, and the basic section designed for cars and trucks respectively. It is worth noting that the exclusive lanes for trucks are built on the outsides of passenger-car lanes in order to reduce secondary collision risks during truck accidents. Such detailed segmentation provides a solid foundation for freeway administration departments to formulate different guidance strategies. the cooperative V2I technology needs further exploration at toll station areas of multilane separate freeways. To fill the gaps, this study proposes a general configuration and segmentation of multilane separate freeways near a toll station. Next, a six-step guidance strategy is designed to adapt to the new organization mode. Then, six traffic scenarios are set and modeled in Vissim and MATLAB platforms for comparative analysis at Huludao Toll Station in Liaoning Province, China. Finally, features of each scenario is summarized based on the comprehensive assessment including speed, delay, surrogate safety measures, air emission, and fuel consumption.
Methods
Segmentation of Toll Station Area
Different from existing conventional ways, the brand-new configuration and segmentation of multilane separate freeways near a toll station are illustrated in Figure 1 . According to the road alignment structure and traffic flow characteristics, the sensitive transition area is divided into five sections along the travel direction, including a mixed section with heterogeneous traffic flow, toll plaza, toll channels, weaving area, and the basic section designed for cars and trucks respectively. It is worth noting that the exclusive lanes for trucks are built on the outsides of passenger-car lanes in order to reduce secondary collision risks during truck accidents. Such detailed segmentation provides a solid foundation for freeway administration departments to formulate different guidance strategies. 
Hierarchical Guidance Strategy
In order to guide vehicles to right lanes-for example, inner lanes for cars and outer lanes for trucks-integrated measures must be taken to accomplish this goal. Traditional methods consist of traffic signs, markings, radio broadcast, loudspeaker, variable message sign (VMS), brochures, and other ancillary facilities. There is an objective physical phenomena that it is almost impossible for drivers to identify and remember the information sent by above measures, especially over a short period of time. Therefore, the key of separate freeway guidance is finding the optimal mode combined by proper guidance measures in each section.
A six-step guidance strategy is proposed in this paper, as shown in Table 1 . Along the direction of traffic flow, the first and second steps of the guidance strategy begin at 1000 m and 500 m ahead far from the inflexion between mixed section and toll plaza, respectively. Because the first two steps are arranged in the mixed section, they share the same guidance measures, including signs, markings, radio broadcast, and VMS. These measures release information that the road ahead is a separate freeway, and please change lanes in advance. Take the right-side freeway in Figure 1 as an example, and the scrolling marquee may be 'Cars run in left lanes and trucks run in right lanes'. The third step is designed in the toll plaza, where a loudspeaker is added to inform drivers directly to change lanes to the proper toll channels. For the fourth step in toll channels, special traffic signs and markings are enhanced based on the standard to improve recognition and compliance behaviors. Specially, brochures printed on the pass card or a single leaflet in color is designed to attract drivers' attention. Also, a much shorter slogan like 'Cars → left, trucks → right', is another recommended option. 
A six-step guidance strategy is proposed in this paper, as shown in Table 1 . Along the direction of traffic flow, the first and second steps of the guidance strategy begin at 1000 m and 500 m ahead far from the inflexion between mixed section and toll plaza, respectively. Because the first two steps are arranged in the mixed section, they share the same guidance measures, including signs, markings, radio broadcast, and VMS. These measures release information that the road ahead is a separate freeway, and please change lanes in advance. Take the right-side freeway in Figure 1 as an example, and the scrolling marquee may be 'Cars run in left lanes and trucks run in right lanes'. The third step is designed in the toll plaza, where a loudspeaker is added to inform drivers directly to change lanes to the proper toll channels. For the fourth step in toll channels, special traffic signs and markings are enhanced based on the standard to improve recognition and compliance behaviors. Specially, brochures printed on the pass card or a single leaflet in color is designed to attract drivers' attention. Also, a much shorter slogan like 'Cars → left, trucks → right', is another recommended option. Conventional measures of loudspeaker and VMS still play an indispensable role in the fifth step. The message sent in this section becomes a stronger warning that drivers must run their vehicles in the correct lanes, otherwise it will be punished. In the last step, only VMS is established at the beginning of the basic section in separate freeway to show the welcome and driving tips besides the first three measures. In addition, communication facilities in vehicles can receive relevant messages disseminated by mobile database stations whenever and wherever drivers want. However, one vehicle may enter the wrong lane, and thus it has negative effects on traffic efficiency and safety. In this case, special guidance for error correction is needed. To address this situation requires additional analysis which is the subject of ongoing research. Table 1 . Six steps for the hierarchical guidance strategy.
Step
Section Guidance Measures
Signs
Markings Radio Broadcast Loudspeaker VMS Brochures
1st I √ √ √ × √ × 2nd I √ √ √ × √ × 3rd II √ √ √ √ √ × 4th III √ √ √ √ × √ 5th IV √ √ √ √ √ × 6th V √ √ √ × √ ×
Traffic Flow Model
Car-Following Model
CACC is one of the popular applications in CAVs. Many studies have indicated that CACC for vehicle longitudinal control can notably smooth hazardous traffic flow and improve traffic efficiency. One typical representative is the PATH CACC model, which is incorporated into the PATH-Nissan high-level controller and developed to a self-designed CACC system for production vehicles [39, 40, 48, 49] . Then the model is calibrated by empirical data from real experiments. The CACC model is expressed as
where e k represents the gap error of the k-th vehicle. x k−1 and x k represent positions of the leading vehicle and the subject vehicle, respectively. v k represents the speed of the subject vehicle. t hw denotes the current time-gap setting. v kprev and x kprev denote the speed and position of subject vehicle in the previous iteration. k p and k d represent the model coefficients.
. e k represents the derivative of gap error. ∆t is the time step. Four parameters are included in this model, i.e., t hw , k p , k d , and ∆t. The default of CACC time gap t hw is set to be 1.1 s for cars and 2.4 s for trucks which are investigated by the previous studies [48, 49] . The values of k p and k d determined by the above-mentioned experimental tests are used (k p = 0.45 and k d = 0.25 for cars, while k p = 0.0074 and k d = 0.0805 for trucks). The time step ∆t during all microscopic simulations in this paper is 0.1 s. 
Lane-Changing Model
The subject vehicle can merge into the target lane only if the gaps between the subject vehicle and the vehicles in the target lane satisfy the following criteria [44, 51] g l ≥ g l,min and g f ≥ g f ,min (4)
where g l represents the gap between the subject vehicle and the leading one in the target lane while g f represents the gap between the subject vehicle and the follower in the target lane. c l and c f are weight parameters. g min is the average minimum safe constant gap. In order to avoid accidents, cars and trucks only can change their lanes to their special lanes or the nearer one. The setting of three parameters: (1) c l = c f = 0.9 and g min = 2.0 m for trucks; (2) c l = c f = rand( ) and g min = 2.0 m for cars, where rand( ) denotes a random number representing between 0 and 1.
Surrogate Safety Measures
Conflict angle is an approximate angle of hypothetical collision between conflicting vehicles, based on the estimated leading of the each vehicle. The angle, expressed in the perspective of the first vehicle A to arrive at the conflict point, conveys the direction from which the second vehicle B is approaching the vehicle A, as shown in Figure 2a . The angle ranges from −180 • to +180 • , where a negative angle indicates approach from the left and a positive angle indicates approach from the right. An angle of 180 • (or −180 • ) indicates a direct head-on approach, and an angle of 0 • (or −0 • ) indicates a direct rear approach. Moreover, conflict type describes whether the conflict is the result of a rear end, lane change, or crossing movement. Define the conflict angle α. The type is classified as a rear-end conflict if |α| < 30 • , a crossing conflict if |α| > 85 • , or otherwise a lane-changing conflict [52] . As shown in Figure 2a , the conflict angle α = 45 • , and thus, the conflict type is lane-changing.
where gl represents the gap between the subject vehicle and the leading one in the target lane while gf represents the gap between the subject vehicle and the follower in the target lane. cl and cf are weight parameters. gmin is the average minimum safe constant gap. In order to avoid accidents, cars and trucks only can change their lanes to their special lanes or the nearer one. The setting of three parameters: (1) cl = cf = 0.9 and gmin = 2.0 m for trucks; (2) cl = cf = rand( ) and gmin = 2.0 m for cars, where rand( ) denotes a random number representing between 0 and 1.
Conflict angle is an approximate angle of hypothetical collision between conflicting vehicles, based on the estimated leading of the each vehicle. The angle, expressed in the perspective of the first vehicle A to arrive at the conflict point, conveys the direction from which the second vehicle B is approaching the vehicle A, as shown in Figure 2 (a). The angle ranges from -180° to +180°, where a negative angle indicates approach from the left and a positive angle indicates approach from the right. An angle of 180° (or -180°) indicates a direct head-on approach, and an angle of 0° (or -0°) indicates a direct rear approach. Moreover, conflict type describes whether the conflict is the result of a rear end, lane change, or crossing movement. Define the conflict angle α. The type is classified as a rearend conflict if |α| < 30°, a crossing conflict if |α| > 85°, or otherwise a lane-changing conflict [52] . As shown in Figure 2 (a), the conflict angle α = 45°, and thus, the conflict type is lane-changing. Besides conflict angle, rear-end collision risk index (RCRI) is another surrogate measure for rearend collision, which is defined as the ratio of the number of unsafe car-following events. It establishes relation between longitudinal safety and vehicle dynamic trajectory data. Assume that the leading vehicle takes an emergency stopping maneuver with maximum deceleration rate. The following vehicle has to react and brake to avoid a collision. If the stopping distance of the front vehicle is larger than the following vehicle, it is safe; otherwise, it is dangerous. Figure 2 (b) illustrates the safe stopping distance and the RCRI can be derived as [53] . Besides conflict angle, rear-end collision risk index (RCRI) is another surrogate measure for rear-end collision, which is defined as the ratio of the number of unsafe car-following events. It establishes relation between longitudinal safety and vehicle dynamic trajectory data. Assume that the leading vehicle takes an emergency stopping maneuver with maximum deceleration rate. The following vehicle has to react and brake to avoid a collision. If the stopping distance of the front vehicle is larger than the following vehicle, it is safe; otherwise, it is dangerous. Figure 2b illustrates the safe stopping distance and the RCRI can be derived as [53] .
where SSD l and SSD f are safe stopping distance of the subject and leading vehicles, respectively. S is the clearance distance. v s and v l are the speeds of the subject and leading vehicles, respectively. a r is the deceleration and t d is the delay before braking. T is the total time and N is the total vehicles. flag is used as the mark of number. M RCRI is the average RCRI of all space-time points. According to previous study, a r = 3.4 m · s -2 and t d = 0.1 s. Rear-end collision risk criteria for freeway safety can be stated in terms of the average RCRI as shown in Table 2 [54] . Obviously, Level A is considered to be very safe traffic conditions with low M RCRI up to 0.251. Even if a traffic accident occurs under this level, the possibility of subsequent accident occurrences by not maintaining safety distances would be expected to be much lower than any other categories. On the other hand, Level F would describe traffic safety on freeway with M RCRI in excess of 0.510. Traffic conditions under this level can be described as very unsafe, leading to the highest possibility of subsequent accident occurrences. Table 3 lists emission and fuel consumption rates (in g/km) for the two vehicle classes and four traffic conditions [55] . For cars, there are relatively small differences between HC, NO X , CO 2 , and fuel consumption under three conditions, including free flow, transition, and congestion. Compared with the other three conditions, work zone shows the lowest emission rates for HC, CO, and NO X . On the contrary, the lower speed in work zone brings about higher CO 2 emissions and fuel consumption. However, the trends for trucks are quite different from cars. Acceleration can greatly decrease fuel consumption and emissions of four pollutants, especially at high speeds when the engine and emission control systems are highly loaded and fully work. Specifically, the emission of HC and CO in work zone is nearly twice as that in free flow condition. In addition, emissions and fuel consumption increase slowly with continuous deceleration from free flow to congestion, and reach the peak in work zone because of insufficient combustion of fuel and waste of resources. The formula for calculation of emissions and fuel consumption is as (11) where M denotes the weight of a certain emission or fuel consumption. It is an integral of a function from the starting point to the ending of the road. L is the road length and f (v) is a function of speed, which can be obtained in Table 3 . Because there are only four discrete values for both car and truck, a linear interpolation of the speed within the range is applied to calculate the total weight of emissions and fuel consumption. In addition, if the speed exceeds the maximum or minimum threshold, an effective and convenient solution is taking on the boundary value. Figure 3 presents the framework of study approach, which includes data collection, roadway modeling, experiment design, traffic simulation, assessment index, and result analysis. Figure 3 presents the framework of study approach, which includes data collection, roadway modeling, experiment design, traffic simulation, assessment index, and result analysis. First, geometric data and organization forms of the conventional and separate freeways are collected. The characteristics of traffic flow are also needed in this paper, such as service time in toll channel, number of channels, speed distribution, and limit speed. Moreover, demand of cars and trucks is another important parameter, which can be extracted from the transportation science and technology projects of Liaoning Province, where the study area is located. Based on the collected data, virtual models of old and new roadways and toll stations are built via Auto-CAD software. The third step is experiment design, e.g., lane settings and guidance strategy. For the lane settings, speed limit and directions of lane-changing for each lane should be set in advance besides the number of carsonly and trucks-only lanes. Next, the proposed hierarchical guidance strategy is developed step by step in Vissim. The details are discussed in the following sub-section. Numerical simulation experiments for cooperative vehicle-to-infrastructure environment are investigated in MATLAB for First, geometric data and organization forms of the conventional and separate freeways are collected. The characteristics of traffic flow are also needed in this paper, such as service time in toll channel, number of channels, speed distribution, and limit speed. Moreover, demand of cars and trucks is another important parameter, which can be extracted from the transportation science and technology projects of Liaoning Province, where the study area is located. Based on the collected data, virtual models of old and new roadways and toll stations are built via Auto-CAD software. The third step is experiment design, e.g., lane settings and guidance strategy. For the lane settings, speed limit and directions of lane-changing for each lane should be set in advance besides the number of cars-only and trucks-only lanes. Next, the proposed hierarchical guidance strategy is developed step by step in Vissim. The details are discussed in the following sub-section. Numerical simulation experiments for cooperative vehicle-to-infrastructure environment are investigated in MATLAB for the sake of convenience in car-following and lane-changing model implementation. Then, four kinds of indexes are used to assess the performance of different guidance strategies and traffic scenarios, including efficiency, safety, emissions, and fuel consumption. Finally, comparative analysis is conducted based on experiment results to quantify the effects of separate organization for vehicles and cooperative V2I technology on the traffic system near toll stations.
Emission and Fuel Consumption Measures
M = L 0 f (v)dx
Experiment Design
Framework
Experiment Design
Framework
Study Area
With the rapid progress of the economy and technology in recent years, the international macroeconomic situation changes continuously. The Silk Road Economic Belt and the 21st-Century Maritime Silk Road bring a great opportunity for old industrial base revitalization in the northeast of China. However, transport is the foundation of the development of various industries, and an advanced transport system needs to adapt to changing demands, such as high freight rates, stricter security standards, and people-oriented service. Jingha Freeway is an important corridor linking Beijing and Harbin both for passengers and freights, and the section between Shenyang and Beijing reaches the highest peak load, as shown in Figure 4 . To make the freeway more efficient and much safer, national and provincial transport departments plan to reconstruct the freeway into a separate type. 
With the rapid progress of the economy and technology in recent years, the international macroeconomic situation changes continuously. The Silk Road Economic Belt and the 21st-Century Maritime Silk Road bring a great opportunity for old industrial base revitalization in the northeast of China. However, transport is the foundation of the development of various industries, and an advanced transport system needs to adapt to changing demands, such as high freight rates, stricter security standards, and people-oriented service. Jingha Freeway is an important corridor linking Beijing and Harbin both for passengers and freights, and the section between Shenyang and Beijing reaches the highest peak load, as shown in Figure 4 . To make the freeway more efficient and much safer, national and provincial transport departments plan to reconstruct the freeway into a separate type. In Jingha Freeway, Huludao Toll Station is a representative example of the reform project. For each direction, there are three lane for cars and trucks at the present time, but three passenger-car lanes and truck-only lanes are designed in the long-term plan. Moreover, relative guidance strategies and potential cooperative V2I facilities will be applied at the toll station. Before starting construction, transport engineers need to prove that it is effective and reliable. Therefore, this paper focuses on the assessment of a multilane separate freeway from different aspects and finding the optimal guidance strategy at toll station area. Also, CAVs in cooperative V2I environment need a further investigation in multilane separate freeways of the brand-new organization mode.
Vissim Modeling
After two decades of academic research, behavior-based traffic flow simulator Vissim has been considered as one of the best microscopic programs to analyze and optimize traffic flows. It offers a wide variety of urban and freeway applications, integrating public and private transportation. In this In Jingha Freeway, Huludao Toll Station is a representative example of the reform project. For each direction, there are three lane for cars and trucks at the present time, but three passenger-car lanes and truck-only lanes are designed in the long-term plan. Moreover, relative guidance strategies and potential cooperative V2I facilities will be applied at the toll station. Before starting construction, transport engineers need to prove that it is effective and reliable. Therefore, this paper focuses on the assessment of a multilane separate freeway from different aspects and finding the optimal guidance strategy at toll station area. Also, CAVs in cooperative V2I environment need a further investigation in multilane separate freeways of the brand-new organization mode.
After two decades of academic research, behavior-based traffic flow simulator Vissim has been considered as one of the best microscopic programs to analyze and optimize traffic flows. It offers a wide variety of urban and freeway applications, integrating public and private transportation. In this paper, the subject is multilane freeways at toll station areas, and Figure 5 presents the main visualization procedure of Vissim modeling. First of all, import Auto-CAD maps from external resources and model old and new roads. Then, facilities for guidance strategy are implemented in 3D vision, laying the groundwork for the following steps. Both dynamic and static 3D objects are modeled directly in V3DM module and dynamic models like VMS boards are controlled by Visual Basic codes to display changeable information. Next, route choice setting is a fundamental step, which determines lane-changing behaviors and rights of each lane. For example, the vehicle category 'truck' is not allowed for left lane changes on multilane links and does not oscillate around its desired speed, while the 'car' category cannot change to right lanes from toll plaza to weaving area. In this case, cars and trucks can travel at proper speeds under different conditions via speed control. Finally, a complete simulation-based environment is implemented using the COM program interface in VISSIM. With the control strategy, the guidance information could be provided to vehicles and effectively influence car-following and lane-changing maneuvers.
Investigation and Scenario Design
To assess the impacts of the proposed guidance strategy and V2I environment on the freeway system at toll station area, six traffic scenarios are designed in the investigations, as summarized in Table 4 . In terms of old freeway, there are three lanes in one direction upstream and downstream of Huludao Toll Station with four channels. In the long-term planning for the toll channels of multilane separate freeway, there are three ETC lanes and two MTC lanes in Scenario 2-5, as shown in Figure  1 . The number of ETC lanes rises to four in cooperative V2I environment and the last one is designed for MTC for the sake of diversity and compatibility. Certainly, Scenario 1 contains mixed traffic freeway facilities and mixed vehicle types. It is firstly simulated as the reference group. Under Scenario 2, a separate freeway is designed for the speedy movement of passengers and cargo. Cars and trucks equally share six lanes in one direction. However, there is no guidance technique applied in this scenario except vehicle permission settings at the start of basic separate section (Section V in First of all, import Auto-CAD maps from external resources and model old and new roads. Then, facilities for guidance strategy are implemented in 3D vision, laying the groundwork for the following steps. Both dynamic and static 3D objects are modeled directly in V3DM module and dynamic models like VMS boards are controlled by Visual Basic codes to display changeable information. Next, route choice setting is a fundamental step, which determines lane-changing behaviors and rights of each lane. For example, the vehicle category 'truck' is not allowed for left lane changes on multilane links and does not oscillate around its desired speed, while the 'car' category cannot change to right lanes from toll plaza to weaving area. In this case, cars and trucks can travel at proper speeds under different conditions via speed control. Finally, a complete simulation-based environment is implemented using the COM program interface in VISSIM. With the control strategy, the guidance information could be provided to vehicles and effectively influence car-following and lane-changing maneuvers.
To assess the impacts of the proposed guidance strategy and V2I environment on the freeway system at toll station area, six traffic scenarios are designed in the investigations, as summarized in Table 4 . In terms of old freeway, there are three lanes in one direction upstream and downstream of Huludao Toll Station with four channels. In the long-term planning for the toll channels of multilane separate freeway, there are three ETC lanes and two MTC lanes in Scenario 2-5, as shown in Figure 1 . The number of ETC lanes rises to four in cooperative V2I environment and the last one is designed for MTC for the sake of diversity and compatibility. Certainly, Scenario 1 contains mixed traffic freeway facilities and mixed vehicle types. It is firstly simulated as the reference group. Under Scenario 2, a separate freeway is designed for the speedy movement of passengers and cargo. Cars and trucks equally share six lanes in one direction. However, there is no guidance technique applied in this scenario except vehicle permission settings at the start of basic separate section (Section V in Figure 1 ). Based on Scenario 2, the last three steps of hierarchical guidance strategy are implemented in Scenario 3. On the contrary, to find the difference in guidance order, only the first three steps are used to guide cars and trucks under Scenario 4. Next, the six-step guidance strategy is logically implemented in Scenario 5. It also can be recognized as a combination of Scenario 3 and Scenario 4. Finally, new traffic flow models are chosen to imitate CAVs and simulate the V2I environment in separate freeways on MATLAB platform in Scenario 6.
According 
Results and Discussion
Average Speed
The mean speed distribution in five sections is shown in Figure 6 . The lines in each scenario can be divided into two parts. First, the speed decreases rapidly before vehicles approach to the toll channels. The phenomenon of deceleration in toll plaza is much clearer than mixed section. Second, after reaching the lowest point in toll channels, vehicles start to accelerate to leave the weaving area and pursue the desired speed. There is slower improvement of mean speed in basic section and vehicles tend to travel at stable high speeds. Obviously, the mean speed in the basic section is over 10 km/h higher than the mixed section because of more lanes and a separate organization mode. Both cars and trucks have the similar tendency. Figure 6a shows the mean speed changes of cars along the roadway. Basically, the mean speeds in all sections rank as the order of scenario from 1 to 6. The original speed under Scenario 1 is around 70 km/h while the highest speed exceeds 90 km/h under Scenario 6. In the basic section, the mean speed increases to 90 km/h under Scenario 1, but it is still 20 km/h lower than Scenario 6. This is because there are three more lanes in Scenario 6, especially in basic section. Also, communication between vehicles and road side infrastructure helps to make full use of road resources in time and space, thus improving traffic efficiency. For the other scenarios, differences of mean speed are less than 10 km/h. It is worth noting that there is small gap between Scenario 3 and Scenario 4 in mixed section and toll plaza, while the gap becomes bigger in weaving area and basic section of separate freeway. This change proves that guidance ahead of toll channels in Scenario 3 have a slight advantage in improving speed over Scenario 4. In the toll channels, the average speed in Scenario 6 is obviously higher than the other five scenarios because of shorter headway and less delay in ETC lanes. For Scenarios 2-5, the only difference is traffic flow composition in each lane resulting from different guidance strategies. If passenger-cars account for a higher proportion before reaching a toll channel, the average speed will be higher. On the contrary, the traffic flow mixed with cars and trucks obtains a relatively low efficiency. Therefore, according to the guidance strategy in Section 3.4, the full six-step guidance strategy in Scenario 5 is the most efficient method, followed by Scenario 4 and 3, and Scenario 2 without any guidance measures performs the worst in separating cars/trucks from hybrid traffic flow. Compared with cars, trucks slow down in each section under all scenarios, as shown in Figure  6 (b). In the mixed section, no scenario achieved a high speed of over 80 km/h, which Scenario 3-4 realize for cars. Because of speed limit, trucks travel in basic section at a speed range from 70 km/h to 90 km/h. Although it is approximately 20 km/h lower than cars, it is increased by the same speed from mixed section to basic section. The differences between six scenarios reach the peak in toll channels and the maximum value is nearly 30 km/h for Scenario 1 and Scenario 6, which indicates that new technologies help to mitigate congestions and improve traffic efficiency. These results strongly support the superiority of CAVs and V2I technologies. Moreover, the difference between two adjacent scenarios ranges from 5 km to 10 km/h, which demonstrates that guidance strategy is necessary at toll station area and upfront guidance works more effectively.
The following is detailed analysis of speed in mean and standard deviation (SD), as shown in Table 5 and Figure 7 . The minimum speed remains zero from Scenario 1 to Scenario 5 due to the service time at toll channels. In the longer term, the ETC in the toll system have replaced the MTC. In this case, CAVs only need to decelerate instead of stopping and queuing, and finish toll collection process in several seconds. Therefore, the minimum speeds for cars and trucks are 31.6 km/h and 24.1 km/h. For the maximum and mean values, the order is from Scenario 1 to Scenario 6. That is to say, the separate freeway performs better than the mixed one. Also, the more steps of guidance strategy, faster vehicles travels through the toll station. SD, an index of dispersion, indicates the equilibrium Compared with cars, trucks slow down in each section under all scenarios, as shown in Figure 6b . In the mixed section, no scenario achieved a high speed of over 80 km/h, which Scenario 3-4 realize for cars. Because of speed limit, trucks travel in basic section at a speed range from 70 km/h to 90 km/h. Although it is approximately 20 km/h lower than cars, it is increased by the same speed from mixed section to basic section. The differences between six scenarios reach the peak in toll channels and the maximum value is nearly 30 km/h for Scenario 1 and Scenario 6, which indicates that new technologies help to mitigate congestions and improve traffic efficiency. These results strongly support the superiority of CAVs and V2I technologies. Moreover, the difference between two adjacent scenarios ranges from 5 km to 10 km/h, which demonstrates that guidance strategy is necessary at toll station area and upfront guidance works more effectively.
The following is detailed analysis of speed in mean and standard deviation (SD), as shown in Table 5 and Figure 7 . The minimum speed remains zero from Scenario 1 to Scenario 5 due to the service time at toll channels. In the longer term, the ETC in the toll system have replaced the MTC. In this case, CAVs only need to decelerate instead of stopping and queuing, and finish toll collection process in several seconds. Therefore, the minimum speeds for cars and trucks are 31.6 km/h and 24.1 km/h. For the maximum and mean values, the order is from Scenario 1 to Scenario 6. That is to say, the separate freeway performs better than the mixed one. Also, the more steps of guidance strategy, faster vehicles travels through the toll station. SD, an index of dispersion, indicates the equilibrium state of traffic flow. As shown in Table 5 , the SD value for cars keeps declining from 25.1 km/h to 10.3 km/h with the application of separate organization mode and guidance strategy. For trucks, the maximum SD change in amplitude is more than 16 km/h. Eventually, SD of speed under Scenario 6 is approximately equal to half of Scenario 1. This is because CAVs and V2I can remarkably avoid oscillatory jams and guarantee a steady traffic state. state of traffic flow. As shown in Table 5 , the SD value for cars keeps declining from 25.1 km/h to 10.3 km/h with the application of separate organization mode and guidance strategy. For trucks, the maximum SD change in amplitude is more than 16 km/h. Eventually, SD of speed under Scenario 6 is approximately equal to half of Scenario 1. This is because CAVs and V2I can remarkably avoid oscillatory jams and guarantee a steady traffic state. To this end, we further investigated the relationship of percentage change between mean speed and its SD, as shown in Figure 7 . Compared with Scenario 1, the percentage of mean change increases continuously from Scenario 2 to Scenario 6, and shares the same tendency with SD. Also, cars are extremely consistent with trucks in both mean and SD changes. However, it is noteworthy that the improvement for cars is lower than trucks, especially under Scenario 5 and Scenario 6. Therefore, cars are more sensitive to new technologies in guidance and V2I. Specifically, for the changes in amplitude, the SD is higher than the mean by over 12 percent for passenger-car traffic, while the difference between SD and mean for trucks is around 10 percent, even less than 5 percent under Scenario 2 and Scenario 3. Furthermore, apart from SD change for cars and trucks, the other pairs of SD and mean changes for cars and trucks are closer to each other under the same scenario. For instance, the SD changes for cars and trucks are respectively 40% and 39%, while the mean changes are 29% and 32% under Scenario 5. This finding explains that the proposed guidance strategy has equivalent positive impact on both cars and trucks.
Delay and Queue Length
Delay caused by congestions and toll collection facilities is a critical factor in evaluating the efficiency of guidance strategy and transportation infrastructures. Reduction of delay in transportation system is a major purpose of the reconstruction project at Huludao Toll Station. Hence, delay and queue length are chosen as important indexes to assess the multilane separate freeway at toll station area and V2I environment.
As shown in Figure 8 , the distribution of delay follows a unimodal distribution. The delay in mixed section and separate section is sufficiently small, while it gathers around the middle three sections, including toll plaza, toll channels, and weaving area. Generally, the single peak appears in toll channels due to toll collection service. Obviously, it significantly reduces the efficiency of traveling through the toll station area. Furthermore, the influence areas of six scenarios are pretty To this end, we further investigated the relationship of percentage change between mean speed and its SD, as shown in Figure 7 . Compared with Scenario 1, the percentage of mean change increases continuously from Scenario 2 to Scenario 6, and shares the same tendency with SD. Also, cars are extremely consistent with trucks in both mean and SD changes. However, it is noteworthy that the improvement for cars is lower than trucks, especially under Scenario 5 and Scenario 6. Therefore, cars are more sensitive to new technologies in guidance and V2I. Specifically, for the changes in amplitude, the SD is higher than the mean by over 12 percent for passenger-car traffic, while the difference between SD and mean for trucks is around 10 percent, even less than 5 percent under Scenario 2 and Scenario 3. Furthermore, apart from SD change for cars and trucks, the other pairs of SD and mean changes for cars and trucks are closer to each other under the same scenario. For instance, the SD changes for cars and trucks are respectively 40% and 39%, while the mean changes are 29% and 32% under Scenario 5. This finding explains that the proposed guidance strategy has equivalent positive impact on both cars and trucks.
As shown in Figure 8 , the distribution of delay follows a unimodal distribution. The delay in mixed section and separate section is sufficiently small, while it gathers around the middle three sections, including toll plaza, toll channels, and weaving area. Generally, the single peak appears in toll channels due to toll collection service. Obviously, it significantly reduces the efficiency of traveling through the toll station area. Furthermore, the influence areas of six scenarios are pretty different from each other. For car traffic under Scenario 1, the high delay-bandwidth almost occupies full sections from II to IV, which is twice as broad as Scenario 3. In contrast, there is no high delay for cars since the first three strategies are applied in Scenario 4, while no high delay for trucks occurs in Scenario 5 and Scenario 6. Besides, the length of the high-delay concentrated area for trucks in Scenario 1 extends even beyond the boundaries of Section II and IV. In this case, congestions and queues tend to propagate upstream and have negative impact on freeway mainlines. different from each other. For car traffic under Scenario 1, the high delay-bandwidth almost occupies full sections from II to IV, which is twice as broad as Scenario 3. In contrast, there is no high delay for cars since the first three strategies are applied in Scenario 4, while no high delay for trucks occurs in Scenario 5 and Scenario 6. Besides, the length of the high-delay concentrated area for trucks in Scenario 1 extends even beyond the boundaries of Section II and IV. In this case, congestions and queues tend to propagate upstream and have negative impact on freeway mainlines. The mean delay is also investigated quantitatively. The highest delay is 84.5 s and obtained in truck traffic under Scenario 1, while the lowest delay is 11.6 s caused in Scenario 6 for cars. For the same type of vehicles, the biggest gap in delay is approximately one minute. The smallest difference between two scenarios is less than 6 s, which happens in Scenario 3 and Scenario 4. It is evident that the mean delay of trucks is higher 7-20 s than cars under the same scenario. Meanwhile, new freeway organization and V2I environment have a tendency in narrowing the gap. For example, the mean differences between cars and trucks under Scenario 5 and Scenario 6 are respectively 6.8 s and 7.3 s, while the corresponding number is 18.8 s under Scenario 1. The dynamic changes in delay also prove that new technologies of freeway organization mode and V2I show clear advantages of dissipating traffic congestion and reducing travel delay, providing theoretical basis for automated highway management.
Excessive delay cannot dissipate during a short period and may result in queues with the arrival of vehicles. As shown in Figure 9 , there exists different length of queue caused by severe congestions under each scenario. From the angle of queue length, the maximum of over 55 m occurs in Scenario 1 while the minimum of less than 15 m is obtained in Scenario 6. Also, a large number of vehicles need to queue up to pass toll channels in Scenario 1. Compared with the separate organization mode in the other scenarios, Scenario 1 apparently fails to catch up with the fast increase of passengers and cargoes. Furthermore, one less toll channel and three less main lines also account for the significant delay. For Scenario 2, the queue length is reduced by over 15 m due to the separate organization mode. The six-step hierarchical guidance strategy in Scenario 5 makes the queue length 10 m shorter than Scenario 2. Therefore, combination of new organization mode and guidance strategy decreases the queue length over 25 m. In terms of vehicles in the queue, the size is between two vehicles under Scenario 6 and 8 vehicles under Scenario 1. Therefore, from the global perspective, there is a twovehicle decrease from Scenario 1 to Scenario 6 except that the same number of vehicles in queue is observed under Scenario 4 and Scenario 5. In general, Scenario 6 performs the best both in queue length and vehicles in the queue. This case could be caused by three reasons. (1) Vehicle queue can be discharged quickly and the traffic flow under this scenario is hardly oversaturated due to much shorter headway and service time. (2) The lane-changing model ensures that cars and trucks can find The mean delay is also investigated quantitatively. The highest delay is 84.5 s and obtained in truck traffic under Scenario 1, while the lowest delay is 11.6 s caused in Scenario 6 for cars. For the same type of vehicles, the biggest gap in delay is approximately one minute. The smallest difference between two scenarios is less than 6 s, which happens in Scenario 3 and Scenario 4. It is evident that the mean delay of trucks is higher 7-20 s than cars under the same scenario. Meanwhile, new freeway organization and V2I environment have a tendency in narrowing the gap. For example, the mean differences between cars and trucks under Scenario 5 and Scenario 6 are respectively 6.8 s and 7.3 s, while the corresponding number is 18.8 s under Scenario 1. The dynamic changes in delay also prove that new technologies of freeway organization mode and V2I show clear advantages of dissipating traffic congestion and reducing travel delay, providing theoretical basis for automated highway management.
Excessive delay cannot dissipate during a short period and may result in queues with the arrival of vehicles. As shown in Figure 9 , there exists different length of queue caused by severe congestions under each scenario. From the angle of queue length, the maximum of over 55 m occurs in Scenario 1 while the minimum of less than 15 m is obtained in Scenario 6. Also, a large number of vehicles need to queue up to pass toll channels in Scenario 1. Compared with the separate organization mode in the other scenarios, Scenario 1 apparently fails to catch up with the fast increase of passengers and cargoes. Furthermore, one less toll channel and three less main lines also account for the significant delay. For Scenario 2, the queue length is reduced by over 15 m due to the separate organization mode. The six-step hierarchical guidance strategy in Scenario 5 makes the queue length 10 m shorter than Scenario 2. Therefore, combination of new organization mode and guidance strategy decreases the queue length over 25 m. In terms of vehicles in the queue, the size is between two vehicles under Scenario 6 and 8 vehicles under Scenario 1. Therefore, from the global perspective, there is a two-vehicle decrease from Scenario 1 to Scenario 6 except that the same number of vehicles in queue is observed under Scenario 4 and Scenario 5. In general, Scenario 6 performs the best both in queue length and vehicles in the queue. This case could be caused by three reasons. (1) Vehicle queue can be discharged quickly and the traffic flow under this scenario is hardly oversaturated due to much shorter headway and service time. (2) The lane-changing model ensures that cars and trucks can find the proper gaps and change their lanes to the exclusive ones before approaching to toll channels. 
Safety Analysis
Based on vehicle types, collisions are divided into three categories: cars, trucks, and car & truck. The collision results are summarized in Figure 10 . Apparently, cars account for the least collisions under each scenario, and range from 17% to 19%. On the contrary, the largest proportion of collisions is between cars and trucks, which is about 30 percent higher than cars. However, the remaining ratio for trucks is relatively stable and lies within the interval (34%, 37%). In other words, collisions involving of trucks are more than 80%. The analysis demonstrates that trucks are most likely to be perceived as threats on traffic safety, and this is the reason that multilane separate freeway is quite necessary in high-demand cargo traffic transferred by road. During one-hour simulation, more than 210 collisions happen under Scenario 1. After reforming the freeway to separate organization mode, nearly 50 collisions are reduced according to the comparison between Scenario 1 and Scenario 2. The following experiments also provide further evidence of operation effectiveness of hierarchical guidance strategy and cooperative V2I application. Specifically, the total number of collisions in Scenario 6 is decreased to about 30. Besides, the improvement in amplitude noticeably increases with the decrease of collisions, as indicated by the rising blue line in Figure 10 . Particularly, the total changes under the first four scenarios gradually increase from 20% to 45%, while the percentage in Scenario 6 sharply rises to nearly 80%. The finding suggests that government should vigorously promote the market of CAVs and V2I technologies for the sake of safety. 
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To examine the effects on collision types defined by conflict angle, percentages of all collisions are summarized via the external module SSAM. Each pie chart in Figure 11 is divided into three slices to illustrate the proportion of potential collisions. Intuitively, the rear-end type accounts for the most collisions under all traffic scenarios. With the application of guidance strategy and V2I technology, it starts to exceed 50% from Scenario 3, and reaches the peak 71% under Scenario 6. It is well known that the bigger the conflict angle, the more severe the collisions. So a rear-end collision is a relatively recommended way to minimize damage when facing unavoidable collisions. In this case, Scenario 6 is proven to be the safest condition besides the amount of total collisions summarized in Figure 10 . Furthermore, the most unsafe collisions of lane-changing occur the least in Scenario 5 because of the hierarchical guidance strategy. Compared to lane-changing, the amplitude of proportion fluctuation in crossing and rear-end is much bigger among six scenarios. Take the crossing as an example, and the range fluctuates from 5% in Scenario 6 to 33% in Scenario 2. This means that crossing collision is probably not directly related to scenario settings. To examine the effects on collision types defined by conflict angle, percentages of all collisions are summarized via the external module SSAM. Each pie chart in Figure 11 is divided into three slices to illustrate the proportion of potential collisions. Intuitively, the rear-end type accounts for the most collisions under all traffic scenarios. With the application of guidance strategy and V2I technology, it starts to exceed 50% from Scenario 3, and reaches the peak 71% under Scenario 6. It is well known that the bigger the conflict angle, the more severe the collisions. So a rear-end collision is a relatively recommended way to minimize damage when facing unavoidable collisions. In this case, Scenario 6 is proven to be the safest condition besides the amount of total collisions summarized in Figure 10 . Furthermore, the most unsafe collisions of lane-changing occur the least in Scenario 5 because of the hierarchical guidance strategy. Compared to lane-changing, the amplitude of proportion fluctuation in crossing and rear-end is much bigger among six scenarios. Take the crossing as an example, and the range fluctuates from 5% in Scenario 6 to 33% in Scenario 2. This means that crossing collision is probably not directly related to scenario settings. Identifying unsafe areas provides theoretical guidance for the management of automated To examine the effects on collision types defined by conflict angle, percentages of all collisions are summarized via the external module SSAM. Each pie chart in Figure 11 is divided into three slices to illustrate the proportion of potential collisions. Intuitively, the rear-end type accounts for the most collisions under all traffic scenarios. With the application of guidance strategy and V2I technology, it starts to exceed 50% from Scenario 3, and reaches the peak 71% under Scenario 6. It is well known that the bigger the conflict angle, the more severe the collisions. So a rear-end collision is a relatively recommended way to minimize damage when facing unavoidable collisions. In this case, Scenario 6 is proven to be the safest condition besides the amount of total collisions summarized in Figure 10 . Furthermore, the most unsafe collisions of lane-changing occur the least in Scenario 5 because of the hierarchical guidance strategy. Compared to lane-changing, the amplitude of proportion fluctuation in crossing and rear-end is much bigger among six scenarios. Take the crossing as an example, and the range fluctuates from 5% in Scenario 6 to 33% in Scenario 2. This means that crossing collision is probably not directly related to scenario settings. Identifying unsafe areas provides theoretical guidance for the management of automated highway systems in the future. Figure 12 shows the distribution of safety level at Huludao Toll Station. Identifying unsafe areas provides theoretical guidance for the management of automated highway systems in the future. Figure 12 shows the distribution of safety level at Huludao Toll Station. For each scenario, there is a noticeable difference between safety level A and F. Specifically, safety level A is normally distributed at both ends of the study freeway, while safety level F is centralized in the middle area between Section II and III. In other words, the safest area is basic section because there are more lanes in travel direction and fewer vehicles in each lane. On the one hand, the hierarchical guidance strategy and V2I application gradually help to widen the safe area to Section IV. On the other hand, the new technologies also enhance the safety to Level A in Section II. Besides the start/end points, there is a strong tendency that drivers travel through Section II and III safely. For Scenario 1, the safety level is still E/F, but it rises to Level A/B under Scenario 6, which indicates a significant improvement compared to the traditional condition. It is noteworthy that, in contrast to Scenario 3, changes of safety level under Scenario 4 are so extremely small to easily embody the superiority of pre-guidance.
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Emission and Fuel Consumption
Nowadays, there can be little doubt that traffic-related pollutants have direct impact on the globe climate and public health. Table 6 shows four main pollutants emitted by vehicles. Although tiny differences of emission rates are observed in four traffic conditions in Table 3 , the average emission of four pollutants keeps monotonically decreasing from Scenario 1 to Scenario 6. Cars have a similar trend to trucks, but with much more emissions in NOx and CO2. In contrast, CO emissions for per car are obviously more than truck. The other pollutant HC is not sensitive to scenario settings and vehicle types, and maintains low-level performance in total emissions. 
Nowadays, there can be little doubt that traffic-related pollutants have direct impact on the globe climate and public health. Table 6 shows four main pollutants emitted by vehicles. Although tiny differences of emission rates are observed in four traffic conditions in Table 3 , the average emission of four pollutants keeps monotonically decreasing from Scenario 1 to Scenario 6. Cars have a similar trend to trucks, but with much more emissions in NO x and CO 2 . In contrast, CO emissions for per car are obviously more than truck. The other pollutant HC is not sensitive to scenario settings and vehicle types, and maintains low-level performance in total emissions. Compared to HC, CO, and NO x , CO 2 contributes the most of total emissions in weight, accounting for over 90%. For the monomial emission, HC caused by cars and trucks changes within the range from 0.26 g/veh to 0.32 g/veh. CO emissions of cars and trucks in Scenario 6 drop respectively by over 10% and 30% compared with Scenario 1. The gap of NO x emission between cars and trucks is remarkably bigger than HC and CO. For cars, NO x emission is less than 1 g/veh while it exceeds 30 g/veh for each truck. However, the biggest gap is observed in CO 2 , where the emission of per truck is 8-10 times as much as a car. In the total amount, the emission for each truck in Scenario 6 is dropped to 4228.62 g by over 25%, while only 567.14 g pollutant is emitted by a car. Therefore, trucks are the essential emission source in road traffic. Also, the above analysis demonstrates that both separate organization mode and V2I technology can dramatically reduce pollutant emissions, especially in CO 2 . Carbon emission, contributed by HC, CO, and CO 2 , is an important independent indicator because of its direct relation to the atmospheric concentration of pollutants, as shown in Figure 13 . Obviously, trucks contribute to the majority of carbon emission since cars emit much less carbonaceous pollutants, which is consistent with Table 6 . The total number of carbon is gradually decreased from 1800 g/veh to 1000 g/veh. Expectedly, the maximum and minimum exist in Scenario 1 and Scenario 6, respectively. The other scenarios are improved by 15-37% except the V2I environment. Particularly, the increase in Scenario 3 is relatively small if adding the last three guidance steps to Scenario 2, which verifies that the lagging guidance approaching to the terminal has a little effects on carbon emissions. In contrast, guidance in advance plays a critical role in carbon reduction. However, Scenario 6 is generally the best condition with the minimum damage to environment and public health, which is one of benefits from V2I technology applications. and trucks is remarkably bigger than HC and CO. For cars, NOx emission is less than 1 g/veh while it exceeds 30 g/veh for each truck. However, the biggest gap is observed in CO2, where the emission of per truck is 8-10 times as much as a car. In the total amount, the emission for each truck in Scenario 6 is dropped to 4228.62 g by over 25%, while only 567.14 g pollutant is emitted by a car. Therefore, trucks are the essential emission source in road traffic. Also, the above analysis demonstrates that both separate organization mode and V2I technology can dramatically reduce pollutant emissions, especially in CO2.
Carbon emission, contributed by HC, CO, and CO2, is an important independent indicator because of its direct relation to the atmospheric concentration of pollutants, as shown in Figure 13 . Obviously, trucks contribute to the majority of carbon emission since cars emit much less carbonaceous pollutants, which is consistent with Table 6 . The total number of carbon is gradually decreased from 1800 g/veh to 1000 g/veh. Expectedly, the maximum and minimum exist in Scenario 1 and Scenario 6, respectively. The other scenarios are improved by 15-37% except the V2I environment. Particularly, the increase in Scenario 3 is relatively small if adding the last three guidance steps to Scenario 2, which verifies that the lagging guidance approaching to the terminal has a little effects on carbon emissions. In contrast, guidance in advance plays a critical role in carbon reduction. However, Scenario 6 is generally the best condition with the minimum damage to environment and public health, which is one of benefits from V2I technology applications. To this end, further investigations are conducted to assess the impact of multilane separate freeway on fuel consumption, as shown in Figure 14 . Similar to pollutant emissions, fuel consumption by cars is considerably lower than trucks. Each car consumes less than 300 g under all scenarios, but at least 1300 g of fuel is burnt in a truck and the maximum even reaches 2230 g in Scenario 1. Generally, the fuel consumption declines steadily from Scenario 1 to Scenario 6. Compared with carbon emissions in Figure 13 , fuel consumed by the last four scenarios is decreased by a larger percentage. For example, fuel consumption in Scenario 5 is decreased by 57% while carbon emissions decline only by 37%. In addition, fuel consumption in Scenario 6 is decreased by 80%, which is the maximum improvement among all scenarios. Therefore, Scenario 6 is best recommended for development of energy-saving and emission-reduction technology. To this end, further investigations are conducted to assess the impact of multilane separate freeway on fuel consumption, as shown in Figure 14 . Similar to pollutant emissions, fuel consumption by cars is considerably lower than trucks. Each car consumes less than 300 g under all scenarios, but at least 1300 g of fuel is burnt in a truck and the maximum even reaches 2230 g in Scenario 1. Generally, the fuel consumption declines steadily from Scenario 1 to Scenario 6. Compared with carbon emissions in Figure 13 , fuel consumed by the last four scenarios is decreased by a larger percentage. For example, fuel consumption in Scenario 5 is decreased by 57% while carbon emissions decline only by 37%. In addition, fuel consumption in Scenario 6 is decreased by 80%, which is the maximum improvement among all scenarios. Therefore, Scenario 6 is best recommended for development of energy-saving and emission-reduction technology. 
Conclusions
This study attempts to comprehensively assess the multilane separate freeway and deeply investigate the impact of the new organization mode on efficiency, safety, emission, and fuel consumption in the case of Huludao Toll Station in Liaoning Province, China. Six scenarios are designed and simulated based on the hierarchical guidance strategy via Vissim and MATLAB platforms, including Scenario 1 with the conventional roadway, Scenario 2 without guidance strategy, Scenario 3 with the last three step guidance, Scenario 4 with the first three step guidance, Scenario 5 with full six step guidance, and Scenario 6 in a cooperative V2I environment. Additionally, the separate mode is applied in the last five scenarios and Scenario 1 is served as a control group. The major results of numerical simulation experiments are concluded as follows:
(1) According to the mean speed, toll plaza and channels are the sections with the lowest efficiency. From the global perspective, the mean speeds along the roadway rank as the order of scenario from 1 to 6. It has the similar tendency in the increase of mean speed and the decrease of SD. With the application of hierarchical guidance strategy and V2I technology, mean speeds of cars and trucks are improved by 12-45% while the SD is reduced by 15-60%.
(2) The delay follows a distribution with a single peak, and reaches the peak around toll plaza, where traffic congestions and queues potentially occur. Compared to Scenario 1, the average delay is reduced over 10 s under Scenario 2, which proves the effectiveness of separate organization mode. Also, the delay under Scenario 5 with the hierarchical guidance strategy is reduced by 30 s and 40 s for cars and trucks, respectively. Accordingly, new technologies can dramatically reduce the queue length and vehicles in the queue.
(3) Based on surrogate safety measures of conflict angle and rear-end collision risk index, the safety analysis reveals that truck-related collisions occupy the majority, and the percentage is approximately 80%. The total number of collisions in Scenario 6 is decreased by nearly 80% while those of the other four scenarios are below 50%. Moreover, the safety level under Scenario 1 is between E and F, but it rises to Level A/B under Scenario 5 and 6, which indicates a significant improvement in safety by the hierarchical guidance strategy and V2I application.
(4) Consistent with above findings, the analysis of emission and fuel consumption also demonstrates the superiority of new technologies. Although tiny differences of emission rates in HC, CO, and NOx, CO2 contributes the most of total emissions in weight. Specifically, over 1000 g CO2 is decreased for trucks under Scenario 4-6 while the maximum for cars is less than 150 g. Besides, fuel consumption by cars and trucks is decreased by 47% and 80% under Scenario 6, respectively. The monotonous curve directly proves that Scenario 4 performs better than Scenario 3 because of preguidance before toll channels. 
(4) Consistent with above findings, the analysis of emission and fuel consumption also demonstrates the superiority of new technologies. Although tiny differences of emission rates in HC, CO, and NO x , CO 2 contributes the most of total emissions in weight. Specifically, over 1000 g CO 2 is decreased for trucks under Scenario 4-6 while the maximum for cars is less than 150 g. Besides, fuel consumption by cars and trucks is decreased by 47% and 80% under Scenario 6, respectively.
The monotonous curve directly proves that Scenario 4 performs better than Scenario 3 because of pre-guidance before toll channels.
Therefore, the new mode in freeway organization helps to separate trucks from the hybrid flow and it is demonstrated that the multilane separate freeway has obvious advantage in efficiency, safety, emission, and fuel consumption. Also, the reasonable hierarchical guidance strategy and cooperative V2I technology are recommended measures for energy-saving and emission-reduction. However, other aspects of separate freeway need more attention in future work, such as the economic effects of construction, market penetration of intelligent vehicles, other types of vehicles and sections in freeways. 
